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Abstract
We report on sytematic measurements of the low frequency conductivity σ in
aequous supensions of highly charged colloidal spheres. System preparation in a
closed tubing system results in precisely controlled number densities of 1016 m-3 ≤ n
≤ 1019 m-3 (packing fractions of 10-7 ≤ Φ ≤ 10-2) and electrolyte concentrations of
10-7 ≤ c ≤ 10-3 mol l-1. Due to long ranged Coulomb repulsion some of the systems
show a pronounced fluid or crystalline order. Under deionized conditions we find
σ to depend linearily on the packing fraction with no detectable influence of the
phase transitions. Further at constant packing fraction σ increases sublinearily
with increasing number of dissociable surface groups N. As a function of c the
conductivity shows pronounced differences depending on the kind of electrolyte
used. We propose a simple yet powerful model based on independent migration of
all species present and additivity of the respective conductivity contributions. It
takes account of small ion macro-ion interactions in terms of an effectivly
transported charge. The model successfully describes our qualitatively complex
experimental observations. It further facilitates quantitative estimates of σ over a
wide range of particle and experimental parameters.
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Introduction
The electrokinetics of charge stabilized colloidal particles have attracted considerable
theoretical and experimental interest. For a recent review see e.g. Lyklema [1].
Phenomena like electrophoresis, electroosmosis, sedimentation potential, electroviscous
effects, diffusion and low as well as high frequency dielectric properties have been
investigated both experimentally and theoretically as function of particle charge Z,
electrolyte concentration c and particle concentration. However, for most of these
experiments and even in the case of isolated particles a full electrohydrodynamic
treatment of macro-ions, small ions, their interactions with each other and with the
externally applied electric fields is usually necessary to describe the complexity
experimental observations.
On the other side highly charged colloidal suspensions have been recognized as valuable
model systems for a number of important condensed matter problems, since they tend to
form fluid-like or crystalline ordered states due to the long ranged electrostatic repulsion
[2, 3]. Questions addressed include stucture formation as well as dynamics or phase
transition kinetics [4, 5, 6]. In contrast to electrokinetics, these aspects can often be
treated using an effective pair interaction of Debye-Hückel (DH) type with all details
covered by an effective macro-ion charge smaller than the bare particle charge. There
exist procedures to numerically calculate this renormalized charge on the basis of the
mean field description in terms of the non-linear Poisson-Boltzmann (PB) equation [7]
as well as support from more sophisticated treatments [8,9] and many experimental
studies.
The simplicity of such an approach is appealing, but it is not immediately clear whether
it may be useful for the description of conductivity. If we recall the situation
encountered in simple electrolytes, dilute aequous solutions of strong 1:1 electrolytes
usually show additivity of their conductivity. The conductivity of the solution is easily
calculated from the sum of the limiting molar conductivities of each ionic species at
infinite dilution times their respective molar concentration. At higher concentrations
Ostwald´s rule applies to correct for concentation effects on the molar conductivities;
additivity nevertheless remains valid. For very dilute systems (c < 10-5 mol l-1) additivity
also applies for mixed electrolytes. It is an interesting open question, whether this
concept remains valid, if one considers a mixture of a simple 1:1 electrolyte and a highly
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assymetric Z:1 electrolyte, where Z may for micelles, polyelectrolytes or colloidal
particles be on the order of 10 to 105.
In this contribution we will as a first step try to extend the concept of additivity of
conductivities as known from simple electrolytes with the aid of an effectively
transported charge Z*σ. This explicetely includes the cases where the interaction is
sufficiently strong to form an ordered suspension. The interesting question of a
connection of this effectively transported charge to the numerically accessible
renormalized charge [7] will be shortly addressed, too, while a comprehensive test has
to be postponed to a subsequent work.
A number of complications arise in contrast to simple electrolytes. Firstly, the
interaction between macro-ions and small ions has to be considered. As a consequence
the distribution of the small ions is no longer uniform on the length scale of the Debye
screening length but the formation of the electric double layer (EDL) around the macro-
ions has to be described in terms of solutions to the PB equation. For the macro-ion this
in turn leads to deviations from the Nernst formula giving a simple analytic relation
between the diffusivity, the mobility in an electric field and the charge of an ion. For the
small ions the mobility becomes dependent on their radial distance from the macro-ion
surface either due to the „binding“ potential of the central macro-ion and/or due to
interactions between the small ions themselves which become important at elevated
concentrations near the surface. Finally, however a high macro-ion charge may, in
addition to electrostatically stabilizing the system against coagulation, cause the
establishment of fluidlike or even crystalline order amongst the macro-ions in the
suspension.
In experimental studies on the low frequency conductivity σ of colloidal suspensions
much attention was paid on the dependence of σ on the particle packing fraction. In
deionized samples a linear increase is observed for all packing fractions in the range of
10-4 to 2 × 10-2 [10, 11], while for samples containing background electrolyte this is
found at elevated packing fractions (Φ < ) only [12]. In all these cases, however, the
conductivity was found lower than expected on the basis of the bare particle charge.
Explicit studies of the charge dependence of the conductivity are rare. In a recent study
of Yamanaka et al. a continued sublinear increase was observed with the increasing
number of dissociateble surface groups N for silica particles charged via a chemical
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reaction with NaOH [13]. A similar finding was reported by us in a previous work on
particles with physisorbed anionic surfactant [14]. This system, FEP(PFOA)78, will be
studied again and in more detail here.
At fixed packing fraction the conductivity depends on the kind of electrolyte added.
Recently Sumaru et al. [15] and independently Swetslot and Leyte [16] investigated the
influence of adding different 1:1 electrolytes (HCl, NaCl, NaOH) and 2:1 electrolyte
(BaCl2), respectively. Interestingly, upon addition of neutral electrolyte, like NaCl, a
pronounced nonlinearity in σ(c) was observed which was not known from former
studies at higher electrolyte concentrations. A systematic data base collected over a wide
range of parameters, however, is still missing.
Further, the important issue of the form of conductivity titration curves has been
addressed [17, 18, 19]. For the case of weak acids, the presence of more than one acidic
species or variations in the background electrolyte, the shape of the titration curve may
become fairly complex and considerable effort is necessary for its interpretation. In the
case of strongly acidic surface groups an initially linear decrease in σ with increased
NaOH concentration is followed by a transient region, which crucially depends on the
details of surface chemistry. Far beyond the equivalence point one observes a linear
increase. For particles bearing only one kind of strongly acidic surface groups a simple
extrapolation of the linear regimes enables the determination of the surface group
number N. Open questions e.g. concern the slope of the linear regimes which may
considerably deviate from expected values.
Theoretical explanation of experimental results was given on different levels of
sophistication. Only few authors used the full electrohydrodynamic treatment of
frequency dependent conductivity contributions from small ion transport by the bulk
field and along particle surface via electroosmosis, particle transport via electrophoresis,
alterations in the ionic distribution and polarization effects [20] (see also [1] for an
overview). For a given experimental situation [17] an excellent agreement with the data
can be acchieved. The major drawback here is that the applicability of results is
generally restricted to isolated particles and often also to large amounts of added salt,
and that considerable numerical effort is necessary to perform predictions over a wide
range of parameters.
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On the macroscopic level the most basic treatments consider small ions only [10]. All
alterations as compared to the expected value are treated using an effective number of
charges, respectively counterions, much in the spirit of the charge renormalization
concept. This also holds for early treatments explicetely including particle contributions
[21, 22]. More recently a number of authors used a different approach explicetely
considering changes in the small ion mobility but retaining the bare charge. These
approaches for instance consider changes in the number of contributing small ions
through surface chemical reactions and/or association of ionic species to the particle
surface [12, 19, 23] as well as radial changes in small ion conductivity contributions due
to the non-uniform ion distribution around the particles via solutions of the linearized or
non-linearized PB-equation [15, 16, 19]. James et al. [19] accounted for the salt
concentration dependence of small ion conductivities using the theory of Robinson and
Stokes [24]. Sumaru et al. [15] consider changes in small ion mobilities through an
extension of the theory of Oshima et al. [25]. Zwetslot and Leyte [16] combined
Jönssons theory of small ion diffusion as function of their concentration which accounts
for both hard sphere and electrostatic ion-ion interactions [26] with the solution of the
non-linearized PB-equation in a version modified to include surface dissociation
equilibrium and with Nernst´s formula relating diffusivity to mobility. Again
experimental data are well described by the theoretical approach. The slight
underestimation of conductivities at very low salt concentrations probably is due to the
complete neglection of any particle contribution. These works [15, 16, 19] present very
satisfying theoretical treatments of low frequency conductivity experiments. Using
concentration or interaction dependent small ion mobilities, they nevertheless afford
significant numerical effort and have been tested only in the case of comparably large
amounts of added salt where the condition of isolated particles is still safely assumed to
hold.
The present study differs from previous ones in two major aspects. Firstly, in this study
we will employ additivity in combination with constant bulk small ion mobilities and an
effective charge Z* lower than the bare particle charge. For this purpose we extend the
model of independent ion migration recently proposed by Deggelmann et al. [21]. To be
more specific, we assume simple additivity of the conductivity of all ionic species,
however in addition we propose a reservoir of Z-Z* counterions in a region close to the
particle which do not contribute to the conductivity but have free exchange with the
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outer Z* counter ions and the added electrolyte ions. In introducing the reservoir, this
model is of similar spirit as the treatment of the hydrodynamic radius in diffusion
problems or the shear plane concept in electrokinetics [1]. The conceptual ease, however
stems from the successful extension of the treatment of simple 1:1 electrolytes to a
highly asymmetric system and consequently a notation in terms of added electrolyte per
particle instead of a notation in terms of an electrolyte concentration dependent and
particle specific conductivity increment. The treatment therefore has only one free
parameter, namely the effectively transported charge Z*σ.
Secondly, carefully and extensively characterized monodisperse suspensions were
conditioned using advanced preparational procedures. This allowed to considerably
extend the range of accessible conditions. We thus were able to thoroughly test our
model with comprehensive measurements under variation of all relevant quantities
entering the model like electrolyte concentration, particle concentration, particle charge
and kind of electrolyte. Electrolyte concentrations for instance were well controlled even
at values as low as 10-6 mol l-1. Under these conditions most samples except for the
lowest packing fractions show a pronounced fluid or even crystalline order. Particular
attention was paid to the combined packing fraction and salt concentration dependence,
and the use of particles stabilized by physisorbed anionic surfactant allowed
measurements in dependence on the particle charge.
The paper is organized as follows. In the following chapter we give a detailed
description of our samples, the preparational procedures and the experimental
techniques. We then present our experimental results. In the next chapter we introduce
our conductivity model and perform some calculations of conductivities under various
boundary conditions. This is followed by a detailed discussion of our data in comparison
to the model. There also the issue of charge renormalization is shortly addressed.
Sample preparation and experimental methods
Several samples of commercially available polystyrene (PS) latex spheres, one sample
of perflourinated spheres (FEP(PFOA)78), kindly provided by the group of V.
Degiorgio [27] and two PS-samples synthesized and kindly provided by the group of M.
Ballauff [28] were used. All PS-samples were stabilized by Sulphate surface groups
stemming from the polymerisation initiator and sample PS(SDS)102 in addition carried
a considerable amount of physisorbed Sodium Dodecyl Sulphate (SDS, Merck,
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Germany). FEP(PFOA)78 is sythesized as tetraflouroethylene copolymer with
hexafluoropropene. In addition to a very small amount of perflourinated carboxyl groups
the FEP-spheres were charge-stabilized by a strongly physisorbed perfluorinated anionic
surfactant perflouro-octanoate acid (PFOA) [27, 29, 14]. This surfactant is water soluble
only at pH > 7. The main particle features are compiled in Table 1.Sample a / nm pK µP / m2V-1s-1 N ZPBC Z*DH Z*σ
PS109 54. 0.5 5.0 × 10-8 1200±50 ---- 450±20 510±10
PS115 57. 0.5 6.7 × 10-8 3600±100 3300±50 805±50 730±10
PS120 60. 0.5 6.7 × 10-8 3600±100 3300±50 ---- 685±10
PS301 150. 0.5 6.8 × 10-8 23100±300 21400±100 2440±100 1850±50
PS(SDS)102 51. 0.5 4.0 × 10-8 ---- ---- ---- 800±25
PSPSS70 35. 0.5 5.8 × 10-8 11800±200 4580±50 570±50 790±10
FEP(PFOA)78 39. 4.0 5.2 × 10-8 75 - 1400 75 - 590 72 - 380 110 - 372
Table 1: Particle data. a: nominal radius as given by the manufacturer. pK as given by the
manufacturer. µP: plateau value of particle electrophoretic mobility [31, 29]. N: surface
group number from titration. ZPBC bare charge number calculated using the PBC program.
Z*DH: renormalized charged calculated from the PBC-program for a deionized case using a,
N and pK as shown and well as Φ = 10-4 and cB = 2 × 10-7 mol l-1. Z*σ: effectively
transported charge derived from packing fraction dependent conductivities of deionized
suspensions.Samples were shipped at packing fractions Φ between 0.055 and 0.25. From these we
prepared stock suspensions of approximately Φ = 0.01 by dilution with destilled water.
To the PS-samples mixed bed ion exchange resin (IEX) [Amberlite UP 604, Rohm &
Haas, France] was added and the suspensions were left to stand with occasional stirring
for some weeks. They were then filtered using Millipore 0.5 µm filters to remove dust,
ion-exchange debris and coagulate regularily occurring upon first contact of suspension
with IEX. A second batch of carefully cleaned IEX filled into a dialysis bag was then
added to retain low ionic strength in the stock suspensions now kept under Ar-
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atmosphere. FEP(PFOA)78 and PS(SDS)102 were extensively dialysed against destilled
and decarbonized water with IEX added to the reservoir
All further sample preparation and the measurements were performed in a closed system
including the measuring cells and the preparational units. Details of the continuous
deionization procedures have been given elsewhere [30, 31]. Since preparation may
have severe influence on electrokinetic measurements, we nevertheless here give a short
outline of the preparation set-up. The suspension is pumped peristaltically through a
closed Teflon® tubing system connecting i) an ion exchange chamber; ii) a reservoir
under inert gas atmosphere to add further suspension or salt solutions, if electrolyte
concentration dependent measurements are performed; iii) the conductivity
measurement; and iv) a cell for static light scattering or transmission experiments. Via
the static structure factor or the turbidity the latter facilitates an in situ control of Φ,
respectively the particle number density n = Φ / (4π/3) a3 where a is the particle radius
[32]. Control of n may also be performed via the conductivity at completely deionized
conditions (see below). Relative uncertainties in the packing fraction Φ are typically
below 2% at Φ = 10−3. We note, that if the precleaning is performed carefully no
aggregation is induced by peristaltic pumping. The whole system (excluding the pump)
may be thermostatted to ±0.2 °C. Conductivity is measured at a frequency of ω = 400Hz
[electrodes LTA01 or LTA1 and bridge WTW 531, WTW, Germany]. To check for
reproducibility we compared conductivity values at different frequencies ω ≤ 1kHz but
found no dependence on ω. In general the reproducibility of measurements was found to
be better than 2%. Residual uncertainties were mainly due to contamination at low
packing fraction and low salt concentrations.
During the experiments the ion exchange chamber is bypassed and great care is taken to
assure stable experimental conditions on a typical time scale of a few hours. Leakage of
stray ions into the system was estimated from an increase of the conductivity of pure
water (55 nS/cm) of less than 30 nS/cm per hour in the electrophoretic cell to
correspond to an NaCl equivalent of 5 × 10−7 mol l-1 h−1. Another source of ionic
impurities generally is provided by the particles themselves. The corresponding rise in
conductivity was found equivalent to the addition of up to 10−6 mol l-1 h−1 of NaCl. Due
to these effects we estimate an upper bound for unidentified small ion concentrations
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during experiments on „completely deionized“ samples to be between 1 × 10−7 and
5x10−7 mol l-1.
Before filling the suspension into the tubing system, the latter is rinsed with doubly
destilled, filtered water through both the ion exchange column and the bypass until the
eluate shows a conductivity below 60nS/cm. The volume of water in the tubing system
depends on the arrangement of components. It is on the order of 40 cm3 and is exactly
determined by weighing. Then an Ar-atmosphere is laid on top of the water surface in
the reservoir and stock suspension is added to adjust the desired volume fraction. The
suspension is pumped through the ion exchange column for some ten minutes during
which conductivity reaches a constant low value. Complete deionization (c < 10-7 mol l-
1) is reached after roughly one hour. If desired, then a certain amount of salt is added. A
few minutes of further pumping are generally sufficient to reach a constant but higher
conductivity value. We note that for each measurement the suspension is deionized
again, before a higher amount of salt or further particles are added and the procedure is
repeated. In each case, changes in the suspension volume are accounted for.
During conductometric titrations the contamination with neutral CO2 significantly
influences the conductivity as it is neutralized in parallel with the surface groups:
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value even after the decay of the oscillations due to mixing.  Instead σ rises (falls)
steadily in samples before (far past) the equivalence point. Slightly past the equivalence
point it first decreases to then increase again. We interpret this finding as indicating of
an underlying two step chemical reaction in which first CO2 reacts to give small
amounts of free H2CO3 which is then neutralized to yield sodium carbonate. In this
second step the particle acts as base and as a result is protonated again. Consequently
the conductivity will change due to two contributions: the reversal of the neutralization
reaction and the addition of sodium carbonate. If σ is recorded over some period of time
after the addition and the value at t = 0 is extrapolated back, complete deionization after
each addition is not necessary. Instead the change in conductivity is converted to added
Carbonate and monitored throughout the experiment. The equivalence point is then
inferred from the corrected conductivities as is shown in Fig. 2.
FEP(PFOA)78 and PS(SDS)102 also were investigated using this tubing system, again
exploiting the possibility to perform several different in situ measurements
simultaneously on one sample. Here, however, a very slow but irreversible desorption of
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the conductivity measurements. As a further precaution we did not deionize the sample
after each addition of salt but corrected for contamination with stray ions via
measurements of the temporal evolution in σ. We note, however, that upon addition of
NaOH our measurements seem to indicate an enhanced desorption of surfactant from
the surface which is subsequently removed upon new deionization (see also below).
Previous measurements on PS(SDS)102 with extensive IEX contact showed desorption
of larger amounts of SDS leading to coagulation [31]. In the present study we therefore
used PS(SDS)102 in the dialized state without further contact with IEX, i.e the IEX
chamber was bypassed in all measurements.
To determine the electrophoretic mobilities µ of the particles a conventional Doppler
velocimetry with real space moving fringe illumination and incoherent detection
followed by FFT-frequency analysis [Ono-Sokki, NTD, Japan] was used. Details are
given elsewhere [31]. The velocities v were found to increase linearly with the applied
field strength E in all cases and no frequency dependence of mobilities µ = v / E was
observed. Under our experimental conditions the residual uncertainties are less than
10%. Measured mobilities of particles under consideration are in the range of  µ = (1.5-
8) 108 m2 s-1 V-1, show a pronounced Φ dependence at low packing fraction but saturate
at larger values of Φ [31], for FEP(PFOA)78 see also [29].
Results
Figs. 3 to 5 show the dependence of measured conductivities over a wide range of
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packing fractions for the different samples.
From Fig. 3, where data are plotted against the packing fraction it is evident that in all
cases the conductivity depends linearily on Φ but with different proportionality factors.
To check for the range of linearity we plot the conductivity of sample PS115 corrected
for the theoretical conductivity of the background σH2O in a double logarithmic way
against the particle number density n in Fig. 4. The data arrange on a straight line of
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linearity is confirmed as long as the particle contribution is larger than the background
contribution. A second check is performed at higher packing fraction, where due to
increasing pair interaction a phase transition from fluid to crystalline order, respectively
between different crystal structures, occur.
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low packing fraction and under deionized conditions.
In Fig. 6 we compare the influence of the addition of different electrolytes on the
conductivity. We used a sample of PS102 at Φ = 0.00375. σ rises linearily for HCl.
Adding NaCl dσ/dc first is close to the value for HCl but then bends over to a lower
slope. For selected measurement series on PS115 Fig. 7 demonstrates that this effect is
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conductivity.
For NaOH a titration curve typical for strong acids is observed [18, 19]. Data in Fig. 2
and 6 were taken successively and corrected for CO2 contamination. For the PS samples
investigated the corresponding numbers of surface groups N are compiled in Table 1.
Using the charge variable FEP(PFOA)78 stabilized by physisorbed surfactant of low
acidity we further checked on the systematic changes occurring for the titration curves in
dependence on the surface group number. A selection of titration curves is shown in Fig.
8. Data were taken with complete deionization before each new addition of NaOH. After
increasing time of contact with IEX we observe a pronounced change in the number of
ionizable groups N as inferred from the point of equivalence. This decrease of N with
decreasing conductivity has been presented already in [14]. In addition, we here observe
the steepness of the initial slopes to increase as N gets smaller. It also increases as the
packing fraction is increased (data not shown).
In Fig. 9 shows the conductivities of FEP(PFOA)78 under conditions of complete
deionization as a function of the subsequently titrated group number N. Data are taken
from four independent measurement series. Within each series the particles became less
and less charged during subsequent titration deionization cycles. The series were
aborted, when at very low charge coagulation occurred. In Fig. 9 the conductivity
increases sublinearily. As will be shown below this can be understood as due to the
combined effects of dissociation equilibrium and charge renormalization.
Conductivity model
A few years ago Deggelmann et al. proposed independent migration of all ionic species
present in the solution [2111]. They used the empirical formula:
( ) BHP* cZne σ+λ+µ+µ=σ ∞+σ (1)
where the molar conductivity of the added electrolyte at infinite dilution is given by λ∞
and the molar concentration by c. The background conductivity of unidentified small
ions is denoted σB, e is the elementary charge, µP and µH+ are the mobilities of particles
(measured) and protonic counter ions, respectively. All deviations from ideal additivity
are condensed into an effective charge Z*σ. In using an effective charge Eqn. (1) follows
the pioneering work of Schaefer [10] but explicitely proposes a particle contribution to
conductivity.
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The salt concentration dependence, as given in Eq. (1) for infinite dilution as
dσ/dc = λ∞, does not apply to our data. Figs. 6 and 7 give clear and systematic evidence,
that a pronounced nonlinearity in dσ/dc is present even at c ≤ 10-5 mol l-1. Previous
authors were able to describe similar data on the basis of a numerically complex
theoretical approach. We here are explicitely interested in an equally well performing
but far more simple description. We therefore shall continue to use Deggelmanns basic
assumption of independent ion migration to derive an alternative expression.
We consider the EDL to be devided into an outer part containing Z*σ counterions of
bulk mobility µ
Η
 and an inner part containing Z-Z*σ immobilized counterions.
Immobilization may be due to several effects: hairy surface layers [33], non-specific ion
association [12, 19] or slowing of small ion diffusion in the vicinity of the particle
surface due to some kind of increased small ion-small ion interaction at elevated c(r)
[15, 16, 19]. Counterion condensation as described by renormalization concepts [7, 8, 9]
is based on a electrostatic „binding“ of dissociated counter-ions. If the latter effect
dominates, one expects the numerically calculated renormalized charges Z*DH to be very
close to the effectively transported charges in a conductivity experiment. Choice of such
a description does not mean that the counterions in the inner shell are completely
immobile, rather it states that for a certain number Z-Z*σ the translational degrees of
freedom are coupled to the particle. These counter-ions move with the particle, while
Z*σ move independently. We note that a similar description is proposed in the dynamic
Stern layer model of electrophoresis, where polarization effects behind the
(electrophoretic) plane of shear are explicitely accounted for [34].
We further allow for an exchange of ions between the inner and outer part of the EDL,
as long as the overall radial charge distribution is retained. If now salt is added, salt ions
may exchange with counterions of equal charge sign, while coions are assumed to stay
outside the proposed inner shell due to electrostatic repulsion. It further is convenient to
introduce the number concentration M = c 1000 NA / n of small ions per particle and
arithmetic mean small ion mobilities:
µ
µ+ +
+
=
i i
i
M
M
 ;  µ
µ
−
−
−
=
i i
i
M
M
. (2)
We note that the sum is over all small ions actually present i.e. including the Z counter-
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ions. We further note that in the case of chemical reactions the number of excess small
ions present per particle M does not necessarily equal the number M´ added per particle.
Assuming as before additivity of all conductivity contributions (σ=Σ ni e zi µi with zi=1
in our case of monovalent salt and counter-ions) we may formulate:
( ) ( )( )σ µ µ µ µ σσ= + + ++ + −ne Z MP*  +  B (3)0 1x105 2x105 3x105
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Fig. 10: Results of numerical calculations using Eq. (2) and (3) for the conductivity as a
function of neutral electrolyte concentration expressed in terms of M, the number of Na+
present per particle. Calculations (a)-(c) at fixed particle number density n = 1 µm-3. (a)
Fixed effective charge Z*. bare charge Z decreasing from top to bottom; (b) the same but
shown over a larger range of M; (c) Fixed bare charge Z. effective charge decreasing from
top to bottom; (d) both charges fixed and n decreasing from top to bottom.
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While this concept is actually straight foreward and simple, the resulting combined
dependency on M and on n is quite complex. To illustrate this we show a number of
numerical calculations in Fig. 10 (a) to (d). First the surface charge Z is varied at
constant Z* and fixed n. Fig. 10 (a) shows the dependence of conductivity over a large
range of M, Fig. 10 (b) shows the range up to M = 3000 enlarged. From Fig. 10 (b) it
would seem that the uppermost curve is linear, while in Fig. 10 (a) the lowest curve has
a linear appearence. However, all curves start with a large slope and show a crossover to
a lower slope. With decreasing charge ratio Z*/Z the crossover region shifts to larger
values of M.
A strictly linear behaviour with a slope corresponding to the addition of NaCl to pure
water is encounterd only, if the charge ratio is 1, as is the case for the uppermost curve
in Fig. 10 (c). With decreasing charge ratio the initial slope approaches that expected for
the addition of HCl to pure water. Finally in Fig. 10 (d) the dependence on particle
density n is shown at fixed charge and charge ratio. The resulting curves start at
increasing conductivity values; all are bent with the crossover region shifting to larger
M for increasing n.
Discussion of low frequency conductivities
Packing fraction dependence. In the case of deionized suspensions Eqn. (3) reduces to:
( )σ σ σ σ µ µ σ σσ= + + = + + ++0 2 2H O B P H H O BneZ* (4)
As can be seen from Fig. 3 the predicted linear dependence on n is fulfilled for all
curves. Z*σ is taken as only fit parameter and our results are compiled in Table 1. In
fitting Eqn. (4) in Figs. 4 and 5 we make use of the fact that for sufficiently large n the
measured particle mobilities become independent of n at values around (5-10) µms-
1/Vcm-1 [31]. For comparison the mobilities of H+, OH—, Na+ and Cl— are 36.5×10-8
m²/Vs, 15.8×10-8 m²/Vs, 5.02×10-8 m²/Vs, and 7.1×10-8 m²/Vs, respectively [35]. The
particle contribution therefore should not be neglected. σH2O is calculated self
consistently via the dissociation product of water with -log10(cH+ cOHϑ) = 14 and
cH+ = n Z*σ / 1000 NA . This contribution in principle becomes important for very low
packing fractions, but in practice it usually is masked by σB.
Variation of surface charge. We recall that reduced effective values for electrokinetic
Independent Ion Migration 19
charges were frequently employed also by other authors: Okubo e.g. suggested a
description in terms of an effective dissociation coefficient (corresponding to a drastic
shift in surface pH [36, 37]). Alternatively one may formulate the decrease in charge
number in terms of an association equilibrium, where counter ions bind loosely to the
particle surface (pKNaAss ≈ 4.5) and reduce the surface charge to a value Z*Ass < Z [12,
19]. Only few studies are available with systematic variation of the particle charge under
conditions of fixed particle density and particle size [29, 38]. In a recent paper
Yamanaka et al. found the effective charge density as derived from conductivity to
slowly but continously increase [39]. In this case the charge of silica particles was
increased by addition of small amounts of NaOH, with the pH staying in the range of 6
to 8.
Also for our FEP(PFOA)78 sample it is seen from Fig. 9 that σ0 keeps increasing with
increasing N. We apply Eqn. (4) to these data to derive the effectively transported
charge Z*σ as a function of the titrated group number N. In Fig. 11 we compare the
results to the case of Z*σ = Z. The continuous increase in the effective charge can be
monitored up to values of Z*σ = 370. The slope decreases but no strict saturation is
observed. As will be discussed below this can be traced back to the combined action of
surface dissociation equilibrium and charge renormalization.
Addition of neutral electrolyte. Introducing the concentration of small ions per particle
M allows to treat both counter-ions and added electrolyte on the same footing. Eq. (3)
predicts a linear dependence on n irrespective of the electrolyte composition. Thus we
plot in Fig. 12 the conductivity per particle versus M. All measurement series covering
more than five orders of magnitude in M and more than three orders of magnitude in n
fall on a single master curve. The low M limit of that curve corresponds to the
conductivity contribution of a single particle and the surrounding EDL. Consistent with
the observations in Figs. 3 to 5 this value does not change as a function of n.
To isolate the contribution of added electrolyte we rewrite Eq. (3) to read
( ) ( )( )σ σ µ µ µ µ σσ= + − + + ++ + − +0 ne Z MH Cl B* (5)
with the particle contribution σ0 defined in Eq. (4). Neglecting σB the first part of the
electrolyte contribution goes to zero, whenever µ+ equals µH+.
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From our model calculations this will be the case at small charge ratio Z*/Z and in the
limit of M << Z. Then the initial slope in a plot of (σ-σ0)/n versus M will correspond to
that expected f
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with:
µ = − ′ µ + ′ µ = µ + ′µ − ′ µ = µ + ′+ + + + + + +
( )Z M M
Z
M
Z
M
Z
M
Z
H Na
H
Na H
H ∆µ (6b)
where the mobility difference ∆µ = µNa+ - µH+ has been introduced. Insertion in Eq. (6a)
yields:
σ σ σσ= + ′ +0 neM
Z
Z B
*
( )∆µ (7)
The initial slope dσ/dM´ = en∆µZ*σ/Z depends not only on the small ion mobility
difference and the particle number density n but, most importantly, also on the charge
ratio Z*σ/Z. As Z*σ is already known from σ0 we may extract Z from the limiting slope.
A single titration curve thus may yield all three relevant charge numbers N, Z and Z*σ.
The same holds at larger surface pK for very small M´, i.e. the first steeper decrease
observed in the titration curves of week acids. Then, however, the excess base needed to
cause full dissociation has to be accounted for, if calculating the conductivity at larger
M´.
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Unexpectedly, however, the first two data ponts lie above unity. This cannot be
explained by experimental uncertainties in determining the slope (c.f. Fig. 8). A possible
explanation may be the assumption of desorption of ionic groups from the surface upon
exchange of the counter-ion. The perfluorinated acid indeed is not water soluble in the
protonic form, while it dissolves to a small amount, if in the sodium form. Free
surfactant would not shift the equivalence point, since no deionization is performed
during the titration. Free surfactant, however will have a mobility µS different to that of
the particle. In the case of µS > µP the contribution from the surfactant may
overcompensate the reduction in charge and mobility of the particle. At larger particle
charges this contribution would not be visible due to the restricted solubility of the
surfactant, even in the sodium form.
Far past the equivalence point all protons are neutralized and:
σ σσ= µ + µ + µ + µ ++ − +neZ MP Na OH Na B* ( ) ( ) (8)
No nonlinearity
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)78 only for N > 500. results, as counter-ions and further added cations are of the same kind.
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 charge. In Fig. 8, however a clear dependence of the final slopes is
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visible. In Fig. 17 we plot the corresponding molar conductivities for the FEP(PFOA)78
and two PS samples and compare them to the literature value of λ∞,NaOH = 247.7 × 10-4
S m2 mol-1 [35]. For FEP(PFOA)78 the data approach the expected value only for large
N, while in the case of PS even at a relatively large charge ratio the literature value is
met within the experimental errors. Also here the deviation at small N cannot be
explained within our model without any further asumption. Allowing, however, for
desorption of S surfactant molecules per particle at sufficiently large pH and further
assuming the charge ratio at low N to be close to one, we rewrite Eq. (8) to get:
[ ]
( )[ ] BNaOHNaP
BNaOHNaSNaP
MS
MSSZne
σ
σσ
+µ+µ+µ∆+µ+µ
+µ+µ+µ+µ+µ+µ−=
+−+
+−++
)( Zne=  
)()())((
(8a)
Where ∆µ = µS - µP is the mobility difference between particle and surfactant. Thus the
final slope will increase above the values expected for the addition of NaOH to pure
water proportional to the amount of desorbed surfactant. Given the limited solubility of
the surfactant even in the sodium form, it is clear that at large Z the ratio S/Z stays small
and the correction becomes negligable. If this explanation holds further tests with
surfactants of known mobility, this would be an elegant way of directly studying the
adsorption/desorption kinetics of colloid/surfactant systems. In addition the presented
interpretation would support the importance of including both small and macro-ions in
the description of conductivities.
Comparison of effective charges. There exist several approaches to numerically
calculate bare charge numbers Z from titrated group numbers N, to calculate the
structure of the double layer under boundary conditions of constant surface potential or
charge and to calculate effective charges Z*. Notice, that all effective charge numbers
used in this paper are indicated by a star *. In particular the electrostatic potential ϕ(r)
and the structure of the EDL forming around a colloidal particle have comprehensively
been studied by theoretical and numerical work. It turned out that for most practical
purposes a mean-field description by solutions of the non linearized PB solved
numerically within a spherical Wigner-Seitz cell (PBC-model [7]) yields consistent
results to more sophisticated approaches [8, 9]. For the prediction of interaction
dependent properties, like phase behavior or elastic moduli a fit of a Debye-Hückel
(DH) potential to ϕ(r) at the cell boundary is performed with a renormalized charge and
a renormalized screening constant Z*DH and κ*DH as free parameters. Again consistent
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results are obtained for different prescriptions and techniques in the limit of large
particle radii as compared to the Bjerrum length λ π εB Be T= 2 4 /    k  which in water is
0.72 nm [7, 8, 9]. Here ε = ε0εr the dielectric permittivity of the suspending medium and
kBT the thermal energy. In many cases the effective charges Z*DH derived this way were
found to be numerically very close to those derived from interaction dependent
equilibrium properties. Thus the charge renormalization concept is widely accepted in
the description of phase behaviour, structure formation, diffusivity or elasticity data. In
the case of electrophoretic transport it has recently been shown that there are large
quantitative discrepancies between calculated and measured effective electrophoretic
charges [31, 36]. This raises the interesting question how Z*DH compares to effective
charges derived from conductivity [40].
We therefore calculated both the bare particle charge ZPBC and the renormalized
effective charge Z*DH using a program kindly provided by Luc Belloni, which is based
on the PBC model under the boundary condition of constant surface dissociation
equilibrium [41]. Charge numbers are calculated for the PS samples using a surface pK
of 0.5, the titrated group number N and the radii as compiled in Table 1. For deionized
samples the unidentified small ion concentration in the suspension was fixed to
2 × 10-7 mol l-1. Effective charges calculated this way were observed to be significantly
smaller than the bare particle charges. Except for PSPSS70 the results compiled in
Table 1 are quite close to the values of Z*σ derived from fits of Eqn. (4) to conductivity
data.
For FEP(PFOA)78 we performed calculations of Z and Z*DH using the PBC-program
with a radius of a = 39 nm, fixed particle number density of n = 63 µm-3. Three
calculations are shown in Fig. 11. In all cases the renormalized charges calculated
steadily increase over the range of experimental N. We obtain a reasonably good
agreement between calculated Z*DH and measured Z*σ (open squares) for pK = 4.0 and
cB = 2 × 10-7 mol l-1 as estimated from the contamination experiments on pure H2O. We
note that such a large pK actually seems to contradict the form of our titration curves. If
we use pK = 2.3 we obtain Z*PBC ≈ N and the upper curve for Z*DH.
We have to stress that the calculation is very sensitive to the choice of boundary
conditions. In fact the curve a of Fig. 11 is practically identical to Fig. 4 in [14]
calculated using a slightly different radius pK and background concentration. In Tab. 2
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we compile some representative results to demonstrate the influence of variations in
individual input parameters for the numerical calculations. In particular cB and the pK
have a strong influence on the numericaly calculated ZPBC. For fixed ZPBC the
renormalized charge increases with increasing particle density but even more so with
increasing radius. An increase in the background salt concentration is of little influence.
The quantitative derivation of particle parameters from a fit of calculated renormalized
charges to effectively transported charges thus has to be rated questionable for the
present study. It rather remains an important challenge.
Qualitatively however, it is exactly the fact of incomplete dissociation, that produces the
particular non-saturating shape of the experimental curve in Fig. 9. For sufficiently large
number of dissociated groups Z, the predicted saturation of effective charges is observed
in the numerical calculations. This is shown in the insert of Fig. 11 for curve c. Here
saturation is reached around N ≈ 105 where Z is of the order of a few times 103. We note
that similar Z values necessary for saturation of Z* are observed for the other two cases
albeit at still larger N. Such a large Z was not reached in the experiment. We further
note that in all three calculations for n = 6.3 1019 m-3 the saturation value of
Z*MAX = 510±30 = 9 a/λB is in good agreement with the value proposed by Stevens [8]
for vanishing packing fraction.
A comparison of charge ratios Z*σ/Z as derived from the conductivity titration to the
results from the numerical calculations is performed in Fig. 16. We show the data for
cB = 2 × 10-7 mol l-1, a = 39nm, Φ = 0.0157 and pK = 4.0. The charge ratio drops from
one to values of about 0.2 around N = 1400 in good agreement with the experimental
data at large N.
From these results we conclude that most of our conductivity data are not inconsistent
with the charge renormalization concept and give at least some qualitative support.
During our studies we learned, however, that our present results do not allow for a
quantitative and decisive test as yet.
The major uncertainty in using the PBC program is the lack of knowledge on the exact
pK of the acid and the background concentration cB. The major uncertainty in using the
conductivity model is the lack of sufficient data on the particle mobility upon addition
of NaOH. In the present investigation the pK was determined from a fitting procedure,
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and cB was estimated, while the mobilities were assumed to retain their values at
deionized conditions. In the light of the strong sensitivity of the numerical calculations it
is not too surprising that also other authors have reported interesting deviations from
specific predictions of the charge renormalization model. We recall that at very low Φ
the experimentally determined effective electrophoretic charge was found to be much
smaller than expected [31, 36, 37] and that a continued increase in Z*σ with increasing
N has been reported [39] where actually a saturation should occur. On the other hand
saturation was unequivocaly observed for the effective charge as determined from
measurements of the static structure factor of micellar systems [38]. It thus is necessary
to extend the measurements to much larger N under precise control of the background
concentration cB and at the same time vary the packing fraction for particles of well
characterized surface chemistry, i.e. independently determined surface pK.
Conclusions
We have performed comprehensive investigations on the low frequency conductivity in
mixtures of different simple 1:1 electrolytes and highly assymetric Z:1 electrolyte,
where Z was on the order of 102 to 104. Electrolyte concentrations and particle number
densities were varied over a wide range covering isolated particles as well as fluid or
crystalline ordered suspensions.
Practically all our data could be described within a simple yet powerful conductivity
model which assumes additivity of contributions of all species present. All macro ion
small ion interactions are condensed into an effectively transported charge Z*σ which
was found to be rather close to the renormalized charged Z*DH as obtained as fit
parameter from the results of PBC-model calculations. This quantity is particle specific
and independent of c and n.
The conductivity model assumes a division of the EDL into an inner non-conducting
part and an outer part with bulk conductivities. However, to describe the data properly
we extended the model already proposed by Deggelmann et al. to allow for an exchange
of cationic species between the two parts. The model correctly predicts the packing
fraction dependence. It correctly predicts the linearity in M for cases of no
compositional change within the EDL, i.e. the addition of HCl and of NaOH past the
equivalence point in titrations. Most importantly it also describes the pronounced non-
linearities in M observed upon the addition of neutral electrolyte, i.e. NaCl.
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From the titration curve for a macro ion of chemically bound charge the model is able to
extract three relevant charge parameters under low salt conditions: the intersection of
initial and final slopes yields the number of surface groups N; the conductivity in the
deionized state yields the effectively transported charge Z*σ and the initial slope yields
the charge ratio Z*σ/Z and thus the number of dissociated charges in the deionized state.
For our titration data on FEP(PFOA)78 we observed charge ratios above 1. This led to
an extension of the model under the assumption of partial desorption of surfactant which
was supported also by the deviation of the slopes past the equivalence point towards
larger than expected values. We presently conduct further experiments to explore this
point in more detail. If the validity of Eq. (8a) could be confirmed in further studies this
would in turn provide an elegant means of determining adsorption/desorption proceses
of charged surfactants.
Combining these individual observations the most important result of our studies can be
phrased as follows. The simple model proposed indicates that a description in terms of
simple additivity is sufficient to capture the basic, but nevertheless complex features of
conductivity in highly asymmetric electrolyte mixtures. The only free parameter of this
description, the effectively transported charge is close to numerically calculated values.
This opens the perspective of applying instrumentally simple conductivity
measurements to the prediction of other suspension properties, once the charge
renormalization concept has been further tested.
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Additional Tables
Table 2: Results of charge calculations for FEP. Left side: input parameter; right side:
results. Uppermost row: set of typical parameters. Middle part: calculation of the
concentration of ions at the Wigner-Seitz cell boundary. the number of dissociated
surface groups ZPBC and the renormalized charge Z*DH. We study the influence of
increasing cB. of increasing N. of increasing N and cB. of decreasing the pK. of
increasing the particle number concentration n and of increasing a. respectively. Varied
parameters in italics. The results for the particle charge numbers depend strongly on the
interplay between the different parameters. Lower part: calculation of Z*DH for fixed
ZPBC = 800 and varied cB. n and a (N and pK do not enter this part of the calculations).
Here the results are very sensitive on the competition between radius and packing
fraction; the salt concentration only marginally shifts Z*DH to higher values.
N a / nm Φ pK cB / µmol l-1 cWS / µmol l-1 ZPBC Z*DH
800 39 0.016 4.0 0.2 28 487 335
800 39 0.016 4.0 1.0 30 563 357
2000 39 0.016 4.0 0.2 32 718 388
2000 39 0.016 4.0 1.0 33 871 410
800 39 0.016 2.3 0.2 32 768 396
800 39 0.024 4.0 0.2 42 499 341
800 45 0.024 4.0 0.2 31 548 384
--- 39 0.016 --- 0.2 --- 800 401
--- 39 0.016 --- 2.0 --- 800 402
--- 39 0.024 --- 0.2 --- 800 409
--- 45 0.024 --- 0.2 --- 800 451
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